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Introduction {#sec001}
============

Cellular transformation is intimately linked to alteration of pathways regulated by tumor suppressors, leading to reprogramming of cellular gene expression. Key negative regulators of cellular transformation are the products of two tumor suppressor genes, *TP53* and retinoblastoma (*pRb*).

p53 has the classic features of a transcription factor, containing a transactivation domain and a DNA binding domain (DBD) \[[@ppat.1008792.ref001], [@ppat.1008792.ref002]\]. The DBD is able to recognize specific response elements (REs) located within promoters of a vast number of cellular genes, including those activated by cellular insults, leading to cell-cycle arrest and/or apoptosis \[[@ppat.1008792.ref001], [@ppat.1008792.ref002]\]. The functions of p53 are tightly regulated by post-translational modifications, including methylation, acetylation, and phosphorylation \[[@ppat.1008792.ref001], [@ppat.1008792.ref002]\].

pRb negatively regulates cellular gene expression by interacting with several transcription factors, for example members of the E2F family, including E2F1--3 proliferation \[[@ppat.1008792.ref003]\]. Upon exposure of quiescent cells to mitogenic signals, pRb is phosphorylated by cyclin-dependent kinase complexes, losing its ability to interact with E2Fs, which, in turn, are free to activate the expression of many genes that encode proteins with pro-proliferative functions \[[@ppat.1008792.ref003]\]. In agreement with their negative role in cellular proliferation, loss of functional p53- and pRb-regulated pathways occurs in all cancer cells. In approximately 50% of human cancers, p53 is inactivated by mutations in the DBD or alternatively by post-translational mechanisms or synthesis of p53 variants with dominant-negative functions of p53 \[[@ppat.1008792.ref001], [@ppat.1008792.ref002]\]. Similarly, the functions of pRb are altered by deletions or mutations within its gene or, more frequently, by activation of cellular mechanisms that promote its hyper-phosphorylation, resulting in activation of E2Fs and unscheduled proliferation \[[@ppat.1008792.ref003]\]. Interestingly, studies in *in vivo* experimental models highlighted the concept that E2F1 may also display tumor suppressor functions, inducing apoptosis \[[@ppat.1008792.ref004]--[@ppat.1008792.ref006]\]. E2F1 post-translational modifications, such as methylation, appear to influence its property of promoting cellular proliferation or apoptosis \[[@ppat.1008792.ref007], [@ppat.1008792.ref008]\].

In addition to inactivation of p53 and pRb, cellular transformation is associated with other events, including alteration of the integrin network \[[@ppat.1008792.ref009]\]. Integrins are cellular receptor proteins that bind to and respond to the extracellular matrix \[[@ppat.1008792.ref009]\]. In vertebrates, 24 integrin heterodimers have been identified, which display different substrate specificity and tissue expression \[[@ppat.1008792.ref010]\]. Importantly, different studies provide evidence that certain integrins can act as promoters of tumorigenesis, whereas others may act as tumor suppressors \[[@ppat.1008792.ref009]\]. In addition, the same integrin, as observed for E2F1, appears to exert an oncogenic or tumor suppressor function depending on the genetic background of the different cancer cells \[[@ppat.1008792.ref009]\].

Thus, the available data not only underline the importance of inactivation of pathways controlled by tumor suppressors in human cancers, but also highlight the concept that some cellular proteins may have different functions in different cancer cells, promoting or inhibiting proliferation or transformation. For p53, it is well demonstrated that certain mutations in the DBD could confer oncogenic gain-of-function activities of the encoded product \[[@ppat.1008792.ref011], [@ppat.1008792.ref012]\]. In contrast, very little is known about the biological properties of the wild-type (WT) p53 form, which is present in approximately 50% of human cancers.

Alterations of p53-, pRb-, and integrin-regulated pathways are also key events in cellular transformation induced by oncogenic viruses, such as human papillomaviruses (HPVs) (reviewed in \[[@ppat.1008792.ref013]\] \[[@ppat.1008792.ref009], [@ppat.1008792.ref014]--[@ppat.1008792.ref016]\]). Mucosal HPV types belonging to genus alpha are referred to as high-risk HPV types and are the etiological agents of several types of human cancers. In addition, beta HPV types, together with UV radiation, appear to be involved in the development of cutaneous squamous cell carcinoma (cSCC) \[[@ppat.1008792.ref017]--[@ppat.1008792.ref020]\].

Using *in vitro* and *in vivo* experimental models that express E6 and E7 oncogenes from cutaneous beta HPV type 38 (HPV38), we have characterized novel properties of a WT p53 form that exerts pro-proliferation functions via inhibition of integrin alpha 1 (*ITGA1*) expression.

Results {#sec002}
=======

HPV38 deregulates integrin gene expression {#sec003}
------------------------------------------

We have previously shown that beta HPV38 E6 and E7 immortalize primary HKs \[[@ppat.1008792.ref021], [@ppat.1008792.ref022]\], altering p53- and pRb-regulated pathways. To evaluate whether HPV38 E6 and E7 are able to alter the integrin network, we determined the expression levels of different integrin genes in immortalized HPV38 E6/E7 HKs (38HK) that were transduced with recombinant retrovirus expressing the two viral genes ([Fig 1A](#ppat.1008792.g001){ref-type="fig"}). As a control, we used primary HKs transduced with the empty retroviral vector pLXSN (HK). We observed that the expression levels of *ITGA1* and *ITGB8* were significantly downregulated by the viral oncoproteins ([Fig 1A](#ppat.1008792.g001){ref-type="fig"}). Interestingly, it was previously shown that ITGA1 is implicated in negative regulation of epidermal growth factor receptor (EGFR) signaling and cellular proliferation \[[@ppat.1008792.ref023]\]. Moreover, *ITGA1* downregulation has been associated with poor patient outcome and drug resistance in ovarian cancer \[[@ppat.1008792.ref024]\]. Therefore, we focused our study on *ITGA1* and further validated its downregulation in 38HK by using TaqMan PCR. Also with this assay, we observed a statistically significant decrease in *ITGA1* mRNA levels compared with HK ([Fig 1B](#ppat.1008792.g001){ref-type="fig"}). In addition, immunoblotting (IB) showed that 38HK has lower ITGA1 protein levels than HK ([Fig 1C](#ppat.1008792.g001){ref-type="fig"}). In contrast, accumulation of p53 is induced by the viral proteins as previously shown ([Fig 1C](#ppat.1008792.g001){ref-type="fig"}) \[[@ppat.1008792.ref025]\].To evaluate whether the decrease in *ITGA1* mRNA levels is a direct consequence of the viral gene expression and is not due to the immortalization of 38HK, we used as an experimental model primary HKs expressing the human telomerase reverse transcriptase (*hTERT*) gene, which extends the life span of primary cells. *ITGA1* mRNA levels were significantly reduced in hTERT HKs expressing HPV38 E6 and/or E7 genes compared with mock-treated cells ([Fig 1D](#ppat.1008792.g001){ref-type="fig"}). In addition, the inhibition of *ITGA1* gene expression appears to be associated mainly with E6 protein ([Fig 1D](#ppat.1008792.g001){ref-type="fig"}). IB confirmed that the expression of HPV38 E6 and E7 decreases the ITGA1 protein levels also in hTERT HKs ([Fig 1E](#ppat.1008792.g001){ref-type="fig"}). Similarly, immunofluorescence experiments showed the downregulation of *ITGA1* in hTERT HKs expressing HPV38 E6 and E7 genes ([Fig 1F](#ppat.1008792.g001){ref-type="fig"}). Together, these findings show that HPV38 targets the integrin network.

![*ITGA1* expression is downregulated in HPV38 E6/E7-expressing cells.\
(A) Primary HKs were transduced with pLXSN HPV38 E6/E7 or pLSXN. mRNA levels were measured by RT-qPCR and normalized to *GAPDH*. Error bars represent standard deviations from 3 biological replicates of 2 different donors (*n* = 6). \*\*\*, *p*\<0.001; \*\*\*\*, *p*\<0.0001; ns, not significant. (B) Total RNA levels of HKs expressing or not expressing HPV38 E6 and E7 were analyzed by TaqMan PCR. Commercial probes for *ITGA1* and *GAPDH* were used. Results were normalized to *GAPDH*. Data shown are the means of 3 independent experiments for 2 different donors (*n* = 6). \*\*\*\*, *p*\<0.0001. (C) Proteins extracts from HKs expressing or not expressing HPV38 E6 and E7 were analyzed by immunoblotting (IB) with the indicated antibodies. (D) The TaqMan assay was also performed as previously described in primary HKs previously retrovirally transduced with the *hTERT* gene and expressing E6 and/or E7 from HPV38 (*n* = 3). Results were normalized to *GAPDH*. \*\*\*\*, *p*\<0.0001. (E) Proteins extracts from hTERT pLXSN or hTERT HPV38 E6/E7 cells were analyzed by IB with the indicated antibodies. Images shown are representative examples of 2 different experiments. (F) hTERT pLXSN or hTERT HPV38 E6/E7 cells were plated on coverslips and after 24 h were probed for ITGA1 using anti-ITGA1 antibody followed by secondary Alexa Fluor 488-conjugated antibody. Nuclei were stained with DAPI (pseudocoloured red), and cells were analyzed under a microscope. Images were merged using ImageJ software.](ppat.1008792.g001){#ppat.1008792.g001}

p53 and DNMT1 form a complex that is recruited to the *ITGA1* promoter in 38HK {#sec004}
------------------------------------------------------------------------------

To gain insights into the mechanism by which HPV38 deregulates *ITGA1* expression, we performed an analysis of the *ITGA1* promoter to identify putative REs using TFBind and JASPAR software. The analyses revealed the presence of several p53 REs in a region upstream of the transcriptional start site, spanning from the -936 to -835 nucleotides ([S1A Fig](#ppat.1008792.s001){ref-type="supplementary-material"}). We have previously shown that 38HK have high levels of a specific form of p53, which is phosphorylated only at two serines (15 and 392) \[[@ppat.1008792.ref025]\]. To evaluate whether these putative p53 REs have the ability to interact with p53, we performed an electromobility shift assay using oligos encompassing the WT or mutated REs. RE2 showed a strong signal for p53 binding that was highly reduced upon mutation of the p53-binding motif ([Fig 2A](#ppat.1008792.g002){ref-type="fig"}, lines 2 and 5) or by competition with WT unlabeled probe, but less efficiently with mutated unlabeled probe ([Fig 2A](#ppat.1008792.g002){ref-type="fig"}, lines 7--9). These data were corroborated by chromatin immunoprecipitation (ChIP) experiments that showed a significant enrichment on RE2 compared with the negative control ([Fig 2B](#ppat.1008792.g002){ref-type="fig"}). Recruitment of p53 to *ITGA1* promoter was not observed in HK ([Fig 2C](#ppat.1008792.g002){ref-type="fig"}). Oligo pulldown experiments using biotinylated DNA probes, which contain a region of the *ITGA1* promoter encompassing RE2, revealed that p53 was efficiently precipitated by RE2 together with the epigenetic enzyme DNMT1, which is known to be associated with gene expression silencing ([Fig 2D](#ppat.1008792.g002){ref-type="fig"}). DNMT1 recruitment to the *ITGA1* promoter was also confirmed by ChIP experiments ([Fig 2E](#ppat.1008792.g002){ref-type="fig"}).

![p53 and DNMT1 form a complex that is recruited to the *ITGA1* promoter.\
(A) Electromobility shift assay performed with 38HK nuclear protein extracts and biotinylated probes containing p53RE WT or mutated sequences. Probes were incubated and cross-linked with protein extracts. Unlabeled WT or mutant p53RE2 probes were used as a control. Images shown are representative examples of 2 different experiments. (B) 38HK were cross-linked and chromatin was processed for ChIP using p53 antibody. Results were analyzed by qPCR with primers spanning p53RE1, p53RE2, p53RE3, or the intergenic region of chromosome 22 as a negative control (nc). Error bars represent standard deviations of 3 independent experiments performed in triplicate. \*\*, *p*\<0.01. (C) HKs or 38HK were cross-linked and chromatin was processed for ChIP using p53 or IgG antibodies. Results were analyzed by qPCR using primers spanning for p53 REs of the *ITGA1* promoter and normalized to IgG enrichment (negative control). Error bars represent the standard deviation of 2 independent experiments performed in 2 different HKs donors. \*, *p*\<0.05, ns, not significant. (D) Cell lysate was incubated with WT biotinylated probe containing p53 REs of the *ITGA1* promoter. Incubation without a probe was used as a control. DNA-associated proteins were recovered by precipitation with streptavidin beads and analyzed by IB. Images shown are representative examples of 3 independent experiments. Signals of 3 different IBs were quantified with Image Lab software (right panel). Data shown are the means of 3 independent experiments. \*, *p*\<0.05. (E) Chromatin from 38HK was processed for ChIP experiments using p53 or DNMT1 antibodies. Results were obtained by qPCR with primers spanning p53RE2 or the intergenic region of chromosome 22 (nc). Error bars indicate standard deviations from 3 independent experiments performed in duplicate. \*\*, *p*\<0.01; \*\*\*, *p*\<0.001. (F) 38HK were cultured in medium containing cyclic pifithrin-α hydrobromide or DMSO as a control. Chromatin was processed for ChIP using p53 or DNMT1 antibodies. Results were obtained by qPCR using primers spanning p53RE2. Data shown are the means of 2 independent experiments performed in triplicate. \*, *p*\<0.05, \*\*, *p*\<0.01. (G) Chromatin was processed for a ChIP-reChIP assay in which p53-immunoprecipitated DNA was re-immunoprecipitated by DNMT1. Enrichment of p53RE2 or the intergenic region of chromosome 22 (nc) was obtained by qPCR. Data shown are the means of 3 independent experiments performed in triplicate. \*\*, *p*\<0.01. (H) Nuclear protein extracts from 38HK were processed for IP. Agarose beads were conjugated with IgG or p53 antibodies. Conjugated beads were incubated with protein lysate overnight. IgG was used as a control. Results were obtained by IB using the indicated antibodies. (I) 38HK were transfected with *DNMT1* siRNA or control siRNA (Scramble). After 72 h, a ChIP assay was performed with p53 or DNMT1 antibodies. Results were obtained by qPCR using p53RE2 primers. Error bars represent standard deviations from 3 independent experiments. \*, *p*\<0.05; \*\*, *p*\<0.01. DNMT1 protein levels in different cells were determined by IB with the indicated antibodies (right panel).](ppat.1008792.g002){#ppat.1008792.g002}

Inhibiting p53 functions by using the chemical inhibitor pifithrin severely impaired the interaction of p53 and DNMT1 with the *ITGA1* promoter ([Fig 2F](#ppat.1008792.g002){ref-type="fig"}), indicating that these two cellular proteins are part of the same complex. ChIP-reChIP experiments confirmed their interaction and their recruitment to p53RE2 of the *ITGA1* promoter ([Fig 2G](#ppat.1008792.g002){ref-type="fig"}). Immunoprecipitation (IP) experiments with p53 antibodies confirmed the interaction with the two cellular proteins ([Fig 2H](#ppat.1008792.g002){ref-type="fig"}). Similarly to what has been observed with p53 inhibition by pifithrin, silencing the expression of *DNMT1* by siRNA significantly affected the recruitment of p53 ([Fig 2I](#ppat.1008792.g002){ref-type="fig"}). Together, these data show that p53 and DNMT1 form a complex, and their interaction appears to be important for the binding to p53RE2 of the *ITGA1* promoter.

The p53/DNMT1 complex inhibits *ITGA1* expression {#sec005}
-------------------------------------------------

Next, we evaluated the impact of the p53/DNMT1 complex on the transcription of the *ITGA1* gene. Treatment of 38HK with the p53 inhibitor pifithrin resulted in a 2-fold increase in *ITGA1* mRNA levels ([Fig 3A](#ppat.1008792.g003){ref-type="fig"}). Similarly, in 38HK transient transfection experiments, we observed that the knockdown of *p53* using CRISPR/Cas9 technology correlated with an increase in *ITGA1* mRNA levels ([Fig 3B](#ppat.1008792.g003){ref-type="fig"}). In agreement with mRNA levels, IB showed that p53 CRISPR/Cas9 also increased ITGA1 protein levels ([Fig 3C](#ppat.1008792.g003){ref-type="fig"}).

![The p53/DNMT1 complex inhibits *ITGA1* expression.\
(A) mRNA levels of 38HK treated with cyclic pifithrin-α hydrobromide or DMSO for 6 h were analyzed by RT-qPCR and normalized to *GAPDH*. Histograms represent the mean of at least 3 independent experiments. \*\*\*\*, *p*\<0.0001. (B and C) *ITGA1* and *p53* mRNA and protein levels from 38HK expressing WT p53 (Scramble) or with CRISPR/Cas9-mediated *p53* deletion (CRISPR-p53) were measured by RT-qPCR (B) and IB (C). (B) Gene expression was normalized to *GAPDH*. (C) Protein quantification was normalized to β-actin. Signals of 4 different IBs were quantified with Image Lab software (right panel). Data shown are the means of 4 independent experiments. \*, *p*\<0.05. (D and E) 38HK N-HA-p53 or p53-C-HA cells were generated by retroviral transduction with WT p53 tagged at the N- or C-terminus. As a control, 38HK were transduced with the corresponding empty plasmid. Protein extracts and total mRNA levels were processed for IB and RT-qPCR analysis, respectively. (D) IB images shown are representative examples of 3 independent experiments. (E) *ITGA1* mRNA levels were normalized to *GAPDH*. Error bars indicate standard deviations of 4 independent experiments. \*\*\*, *p*\<0.001. (F) 38HK were transfected with control siRNA (Scramble) or with *DNMT1* siRNA (siDNMT1). After 72 h, cells were collected for RNA extraction and RT-qPCR analysis. Error bars indicate standard deviations of 3 independent experiments. \*, *p*\<0.05; \*\*\*, *p*\<0.001. (G) *ITGA1* expression was evaluated by RT-qPCR after 24 h of treatment with 5-aza-2′- deoxycytidine (Aza) or DMSO at 30 μM final concentration. Error bars represent standard deviations of 3 independent experiments. \*\*, *p*\<0.01. (H) H3K9ac at the *ITGA1* promoter was evaluated by ChIP assay after treatment with Aza or DMSO as previously described (*n* = 4). Results were obtained by qPCR using primers for p53RE2. \*, *p*\<0.05.](ppat.1008792.g003){#ppat.1008792.g003}

Several isoforms of p53 have been identified with truncations at the N- or C-terminus and altered transcriptional functions \[[@ppat.1008792.ref026]\]. To determine whether the inhibition of *ITGA1* expression is mediated by the full-length p53 form, we overexpressed it with the HA-tag at the N- or C-terminus in 38HK. In both cases, we observed by IB that the full-length p53 form is recognized by the HA-tag antibody ([Fig 3D](#ppat.1008792.g003){ref-type="fig"}). Both full-length p53 fusion proteins further repressed the expression of *ITGA1* in 38HK ([Fig 3E](#ppat.1008792.g003){ref-type="fig"}).

We have shown above that silencing of DNMT1 expression resulted in a loss of recruitment of the p53/DNMT1 complex to the *ITGA1* promoter ([Fig 2G](#ppat.1008792.g002){ref-type="fig"}). Accordingly, *ITGA1* mRNA levels increased upon inhibition of *DNMT1* expression ([Fig 3F](#ppat.1008792.g003){ref-type="fig"}). Similarly, treatment with 5-aza-2′-deoxycytidine, which is a 2′-deoxycytidine analogue and is a global demethylating agent, resulted in activation of *ITGA1* expression ([Fig 3G](#ppat.1008792.g003){ref-type="fig"}). This event also coincided with the acetylation of histone 3 at K9 (H3K9), which is associated with transcriptional activation ([Fig 3H](#ppat.1008792.g003){ref-type="fig"}).

Finally, because 38HK also contains high levels of ΔNp73α, which inhibits the expression of p53-regulated genes \[[@ppat.1008792.ref025]\], we evaluated the impact of ΔNp73α depletion on *ITGA1* expression. No significant changes in *ITGA1* mRNA levels were detected in 38HK transfected with ΔNp73α antisense or sense oligonucleotides ([S1B Fig](#ppat.1008792.s001){ref-type="supplementary-material"}). In addition, ΔNp73α does not bind *ITGA1* promoter, as shown by ChIP experiments ([S1C Fig](#ppat.1008792.s001){ref-type="supplementary-material"}).

These findings show that the inhibition of the p53/DNMT1 complex results in activation of *ITGA1* transcription, whereas ΔNp73α does not appear to be involved in the inhibition of *ITGA1* expression.

Full-length p53 phosphorylated at S392 plays a key role in the inhibition of *ITGA1* expression {#sec006}
-----------------------------------------------------------------------------------------------

As mentioned above, the accumulated p53 in 38HK is phosphorylated only at two serines (15 and 392) \[[@ppat.1008792.ref025]\]. Next, we examined by DNA pulldown assay the binding of p53 S15 and/or S392 phosphorylated forms to the *ITGA1* promoter. The major p53 form, which is able to bind p53RE2 of the *ITGA1* promoter, is phosphorylated at S392 ([Fig 4A](#ppat.1008792.g004){ref-type="fig"}). It has previously been shown that the double-stranded RNA-dependent protein kinase PKR directly interacts with p53 and phosphorylates S392 \[[@ppat.1008792.ref027], [@ppat.1008792.ref028]\]. IB showed that HPV38 E6 and E7 activate PKR ([Fig 4B](#ppat.1008792.g004){ref-type="fig"}). The HPV38-mediated PKR activation was also observed in cancer-derived cells, U2OS, expressing E6 and/or E7 ([Fig 4C](#ppat.1008792.g004){ref-type="fig"}). We observed that E7 alone is much more efficient than E6 or E6/E7 expressed as polycistronic RNA ([Fig 4C](#ppat.1008792.g004){ref-type="fig"}). It is possible that this phenomenon is due to a more efficient translation of E7 in comparison to the E6/E7 mRNA. Blocking the activity of PKR by using a chemical inhibitor, 2-aminopurine (2AP), resulted in a small but significant reduction in the levels of the S392 p53 form, indicating that PKR is involved in p53 phosphorylation in 38HK together with other cellular kinase(s) ([Fig 4D](#ppat.1008792.g004){ref-type="fig"}). Despite the small reduction in S392 p53 protein levels upon treatment with 2AP, *ITGA1* mRNA and protein levels increased considerably in cells exposed to the chemical inhibitor ([Fig 4E and 4F](#ppat.1008792.g004){ref-type="fig"}). In addition, ChIP assays in 38HK cells treated or not treated with 2AP showed that the recruitment of both p53 and DNMT1 cellular proteins was affected by chemical inhibition of PKR phosphorylation ([Fig 4G and 4H](#ppat.1008792.g004){ref-type="fig"}).

![Full-length p53 phosphorylated at S392 plays a key role in *ITGA1* inhibition.\
(A) Protein extracts from 38HK were processed for oligonucleotide pulldown as previously described. Images shown are representative examples of 3 independent experiments. (B) HK and 38HK were processed for protein extraction and IB with the indicated antibodies. After incubation with p446PKR antibody, the membrane was stripped and incubated with total PKR antibody. (C) Proteins extracts from U2OS cells retrovirally transduced with E6 and/or E7 from HPV38 were analyzed by IB with the indicated antibodies. (D) 38HK were treated with PKR inhibitor, 2AP, or PBS:glacial acetic acid (200:1) as a control for 4 h at 10 mM final concentration. p-p53 S392 and p53 band intensities were quantified and normalized to total p53 (central panel) or β-actin (right panel). Membranes were first incubated with p446PKR, then stripped and incubated with total PKR. Data shown are the means of 3 independent experiments. \*, *p*\<0.05, \*\*, *p*\<0.01. (E and F) 38HK were treated with 2AP, and *ITGA1* mRNA (D) and protein levels (E) were determined by RT-PCR and IB, respectively. (D) Data shown are the means of 3 independent experiments (\*\*, *p*\<0.01). (E) Images shown are representative examples of 3 independent experiments. (G and H) ChIP assay using p53 or DNMT1 antibodies was performed in 38HK treated with or PBS:glacial acetic acid (200:1) as a control (CTR) or 2AP. Data shown are the means of 2 independent experiments performed in duplicate by qPCR using p53RE2 primers. \*, *p*\<0.05.](ppat.1008792.g004){#ppat.1008792.g004}

To corroborate these data that indicate cross-talk between p53 and PKR in 38HK, we performed reciprocal IP using PKR or p53 antibodies to assess the possible interaction between the two cellular proteins. The PKR/p53 complex was immunoprecipitated by both antibodies ([Fig 5A](#ppat.1008792.g005){ref-type="fig"}). Importantly, the S392 p53 form was found to be associated with PKR ([Fig 5B](#ppat.1008792.g005){ref-type="fig"}). 2AP treatment resulted in a strong decrease in S392 phosphorylation of the PKR-associated p53 form ([Fig 5B](#ppat.1008792.g005){ref-type="fig"}), whereas no significant changes were observed in the total p53 form co-precipitated with PKR, suggesting that PKR-mediated p53 phosphorylation does not affect the interaction between the two cellular proteins ([Fig 5B](#ppat.1008792.g005){ref-type="fig"}). A ChIP-reChIP assay using an antibody specific for the T446-phosphorylated PKR form showed that the p53/p446PKR complex is able to bind p53RE2 of the *ITGA1* promoter ([Fig 5C](#ppat.1008792.g005){ref-type="fig"}). To further characterize the p53/PKR complex, we first fractionated the nuclear extracts of 38HK exposed or not exposed to 2AP by sucrose density gradient ultracentrifugation. Subsequently, the p53 complex was immunoprecipitated in each sucrose gradient fraction ([Fig 5D](#ppat.1008792.g005){ref-type="fig"}). A trimeric complex containing p53/PKR/DNMT1 was found in some fractions of the sucrose gradient ([Fig 5D](#ppat.1008792.g005){ref-type="fig"}). In agreement with the data shown in [Fig 5B](#ppat.1008792.g005){ref-type="fig"}, 2AP treatment did not influence the p53/PKR interaction, whereas DNMT1 was lost from the complex.

![PKR inhibition reduces p53 phosphorylation and regulates *ITGA1* expression.\
(A) Protein extracts from 38HK were processed for IP. Agarose beads were conjugated with total PKR antibody (top) or p53 antibody (bottom). Conjugated beads were incubated with protein lysate overnight. IgG was used as a control. Results were obtained by IB. Images were cropped due to the presence of samples irrelevant to this work. Images shown are representative examples of 2 independent experiments. (B) Total protein extracts from cells treated with PKR inhibitor, 2AP, or PBS:glacial acetic acid (200:1) as a mock-treated control (-) were obtained for PKR IP as previously described (top). The input was run in a different gel to improve image quality. (C) 38HK were cross-linked and chromatin was extracted for a ChIP-reChIP assay by p53 IP followed by p446PKR IP. Data from 3 independent experiments performed in duplicate were analyzed by qPCR. p53RE2 and the intergenic region of chromosome 22 (nc) primers were used. \*, *p*\<0.05. (D) 38HK were treated with PKR inhibitor, 2AP, or PBS:glacial acetic acid (200:1)as a control for 4 h at 10 mM final concentration. Nuclear extracts were used for 50% to 10% sucrose gradient protein complex isolation. Fractions obtained were immunoprecipitated with p53 antibody. Results were analyzed by IB.](ppat.1008792.g005){#ppat.1008792.g005}

Together, these findings provide evidence that the full-length p53 form phosphorylated at S392 by PKR interacts with DNMT1 and inhibits *ITGA1* expression.

Ectopic overexpression of *ITGA1* or p53 has different impacts on 38HK proliferation {#sec007}
------------------------------------------------------------------------------------

Next, to understand the biological significance of *ITGA1* downregulation in 38HK, we investigated the impact of *ITGA1* overexpression on 38HK proliferation using a colony formation assay. Cells were transfected with a construct expressing *ITGA1* and the zeocin resistance gene and cultured under antibiotic selection. We observed a significant decrease in colony formation in 38HK expressing ectopic levels of *ITGA1* compared with mock-treated cells ([Fig 6A](#ppat.1008792.g006){ref-type="fig"}). In addition, analysis of the cell-cycle profile by flow cytometry showed that *ITGA1* overexpression significantly increased the sub-G0 cell population, which is a sign of cellular death ([Fig 6B](#ppat.1008792.g006){ref-type="fig"}).

![Alteration of the ITGA1-regulated network is implicated in cellular proliferation and transformation.\
(A) 38HK were transfected with *ITGA1* cDNA (ITGA1) or empty plasmid control (pcDNA). After zeocin selection, 38HK were fixed with crystal violet (left panel) and total colony number per well was counted (right panel). Data shown are the means of 3 independent experiments. \*\*\*\*, *p*\<0.0001. (B) 38HK transfected with *ITGA1* cDNA (ITGA1) or empty plasmid control (pcDNA) were fixed and stained with propidium iodide for flow cytometry analysis. The histograms (right) represent the means of the sub-G0 population of 3 independent experiments. \*\*, *p*\<0.01. (C and D) Total protein and mRNA extracts from transfected 38HK were analyzed by IB and RT-qPCR. (C) Protein band intensity was quantified and normalized to β-actin. (D) *ITGA1*, *EGFR*, and *CCND1* mRNA levels were normalized to *GAPDH*. For (C) and (D), data shown are the means of 4 independent experiments \*, *p*\<0.05; \*\*, *p*\<0.01; \*\*\*, *p*\<0.001; ns, not significant.](ppat.1008792.g006){#ppat.1008792.g006}

It has previously been reported that ITGA1 negatively regulates EGFR signaling by promoting EGFR de-phosphorylation, with consequent inhibition of cellular proliferation \[[@ppat.1008792.ref023]\]. Therefore, we evaluated the status of EGFR signaling in 38HK after *ITGA1* ectopic expression by determining the levels of cyclin D1 (CCND1), which is positively regulated by activation of EGFR signaling \[[@ppat.1008792.ref029], [@ppat.1008792.ref030]\]. In accordance with the inhibition of cellular proliferation, CCND1 protein levels decreased upon ectopic expression of *ITGA1* ([Fig 6C](#ppat.1008792.g006){ref-type="fig"}). Surprisingly, we also observed a reduction in EGFR protein levels upon *ITGA1* overexpression. However, no significant changes in *EGFR* mRNA levels were observed upon *ITGA1* overexpression in 38HK and mock-treated cells ([Fig 6D](#ppat.1008792.g006){ref-type="fig"}), suggesting that EGFR destabilization in the presence of ITGA1 is mediated post-translationally.

To corroborate the link between p53-mediated *ITGA1* downregulation and cellular proliferation, we evaluated whether loss of the *p53* gene could influence 38HK growth. *TP53* deletion by CRISPR/Cas9 inhibited cellular proliferation ([Fig 7A and 7B](#ppat.1008792.g007){ref-type="fig"}). Similar results were obtained by inhibiting p53 functions by using pifithrin ([S1D Fig](#ppat.1008792.s001){ref-type="supplementary-material"}). Next, we evaluated whether the decrease in 38HK proliferation in CRISPR-p53 38HK is dependent on the loss of the full-length p53 form, and not on the loss of the truncated p53 isoforms. We generated a retroviral vector that expresses an N-terminus HA-tagged *p53* gene (Δ-CRISPR), in which the third base of several codons was mutated ([Fig 7C](#ppat.1008792.g007){ref-type="fig"}), without altering the amino acid sequence. Thus, this mutated *p53* gene encodes a WT protein but, due to the alteration of DNA sequence, it is not targeted by the guide RNA, which was designed to delete the endogenous *p53* gene. In addition, two LoxP elements were located immediately upstream and downstream of the Δ-CRISPR *p53* gene in order to modulate its expression via Cre recombinase. The Cre recombinase gene fused to a triple-mutant form of the human estrogen receptor that gains access to the nuclear compartment only after exposure to 4-hydroxytamoxifen (TMX) but not to the natural ligand 17β-estradiol was cloned in a second retroviral vector ([Fig 7C](#ppat.1008792.g007){ref-type="fig"}). 38HK were sequentially transduced with two recombinant retroviruses, and subsequently the endogenous *p53* gene was deleted by CRISPR/Cas9. We observed that the modified 38HK line expressing ectopic levels of the Δ-CRISPR *p53* gene had a higher proliferation rate compared with 38HK ([Fig 7D](#ppat.1008792.g007){ref-type="fig"}). Importantly, after addition of TMX and loss of p53, the proliferation of these cells was rapidly reduced, whereas no significant effect was observed when TMX was added to 38HK ([Fig 7D and 7E](#ppat.1008792.g007){ref-type="fig"}). To corroborate these findings, we transduced 38HK with recombinant retroviruses that enable the synthesis of full length p53 fused to the HA-tag at the N- or C-terminus and retained the ability to repress ITGA1 expression ([Fig 3D and 3E](#ppat.1008792.g003){ref-type="fig"}). Both HA-p53 fusion proteins were able to stimulate the proliferation of 38HK (Figs [7F and 7G](#ppat.1008792.g007){ref-type="fig"} and [S1E](#ppat.1008792.s001){ref-type="supplementary-material"}).

![Full-length WT p53 displays pro-proliferation properties in 38HK.\
(A and B) 38HK were seeded into 6-well plates and transfected with Scramble or CRISPR-p53 plasmid for *p53* knockdown. (A) Protein extracts were processed for IB 48 h and 72 h after transfection. Images shown are representative examples of 2 independent experiments. (B) Cells were also collected at 24, 48, and 72 h after transfection, stained with trypan blue, and counted. Error bars represent the standard deviations of 2 independent experiments performed in duplicate. \*, *p*\<0.05, \*\*, *p*\<0.01; \*\*\*, *p*\<0.001. (C) Schematic representation of retroviral plasmids containing WT p53 HA-tagged and flanked by LoxP sites (1) or Cre recombinase fused to a triple-mutant form of the human estrogen receptor (ER) (2). In addition, the *p53* codon sequence was modified to avoid CRISPR/Cas9 targeting (1). (D and E) 38HK were transduced with the plasmids previously described (Δ-CRISPR p53/CRE) and transfected with CRISPR/Cas9 p53 plasmids to knock out endogenous p53. 2.5 × 10^5^ cells were seeded into 6-well plates and allowed to grow for 48 h. TMX was added to the medium at 2 μM final concentration. (D) Cell number was quantified by trypan blue staining at 12 h and 24 h after treatment. Data shown are the means of 3 independent experiments. \*, *p*\<0.05. (E) IB shows p53 protein levels after TMX treatment. (F) 38HK N-HA-p53 or p53-C-HA cells were generated by retroviral transduction with WT p53 tagged at the N- or C-terminus. As a control, 38HK were transduced with the corresponding empty plasmid. Protein extracts were processed for IB. Images shown are representative examples of 3 independent experiments. (G) 38HK N-HA-p53 or p53-C-HA cells were also seeded into 6-well plates. After 24, 48, and 72 h, cells were collected, stained with trypan blue, and counted. Data shown are the means of 3 independent experiments performed in duplicate. \*\*\*\*, *p*\<0.0001.](ppat.1008792.g007){#ppat.1008792.g007}

These findings show that p53 exerts pro-proliferation functions in 38HK via inhibition of ITGA1 expression and EGFR signaling activation.

HPV38 E6 and E7 expression in the skin of transgenic mice inhibits ITGA1 transcription {#sec008}
--------------------------------------------------------------------------------------

To corroborate our findings in *in vitro* experimental models, we investigated whether HPV38 E6 and E7 expression has the ability to alter *Itga1* expression in skin keratinocytes in mice. We previously developed a transgenic mouse model that expresses HPV38 E6 and E7 in the keratinocytes of the skin basal layer under the control of keratin 14 promoter (K14) \[[@ppat.1008792.ref031]\]. After isolating skin keratinocytes from WT and HPV38 E6/E7 transgenic mice, we determined *Itga1* mRNA levels by quantitative RT-PCR. The viral proteins inhibited *Itga1* expression in skin keratinocytes ([Fig 8A](#ppat.1008792.g008){ref-type="fig"}), confirming the *in vitro* findings.

![Itga1 is downregulated and mutated in transgenic mice expressing HPV38 E6/E7.\
(A) Skin keratinocytes were isolated from WT animals (*n* = 4) and K14 HPV38 E6/E7 transgenic mice (*n* = 3). After 30 weeks of UV irradiation, cSCC samples (cSCC1--3) were isolated from HPV38 E/E7 transgenic mice. Total RNA extraction was performed and *Itga1* mRNA levels were determined by quantitative RT-PCR by normalizing to *Gapdh*. Whole-exome sequencing of the same mice was also performed. Mutational analysis of the *Trp53*, *Itga1*, and *Egfr* genes was performed as described in Materials and Methods. (B) Genomic position of the exonic mutations and the corresponding amino acid change are represented for the *Itga1* and *Egfr* genes. WT exons are represented as blue boxes, and mutated exons are represented in red boxes. Text boxes describe the cSCC sample, the genomic position of the nucleotide change on the GRCm38/mm10 mouse reference genome, the type of mutation, and the corresponding amino acid change.](ppat.1008792.g008){#ppat.1008792.g008}

We have recently shown that HPV38 E6/E7 transgenic mice are highly susceptible to UV-induced DNA mutations and cSCC development compared with WT animals \[[@ppat.1008792.ref032]\]. By whole-exome sequencing, we observed that these animals, upon long-term UV exposure, accumulate mutations in crucial cancer-linked genes, including *p53* \[[@ppat.1008792.ref032]\]. Therefore, we next determined whether *p53* mutations in the core DBD detected in 3 different cSCC may result in loss of inhibition of *Itga1* expression. Quantitative RT-PCR experiments showed that *p53* mutations correlated with an increase in *Itga1* expression in 2 cSCC ([Fig 8A](#ppat.1008792.g008){ref-type="fig"}). However, we determined that in 2 cSCC, the *Itga1* gene contained deleterious non-synonymous mutations ([Fig 8B](#ppat.1008792.g008){ref-type="fig"}). Although the third cSCC expressed high levels of WT *Itga1*, it contained a non-synonymous, but not deleterious, mutation in a region of the *Egfr* gene encoding the tyrosine kinase domain ([Fig 8B](#ppat.1008792.g008){ref-type="fig"}). Mutations in this EGFR domain have been identified in human cancer and result in activation of EGFR signaling \[[@ppat.1008792.ref033]--[@ppat.1008792.ref035]\].

In summary, these results confirm the ability of HPV38 to inhibit *ITGA1* expression and highlight the importance of *ITGA1* inactivation in UV-induced cSCC development.

Discussion {#sec009}
==========

Inactivation of p53 is a key step in cellular transformation. In approximately 50% of human cancers, p53 is inactivated by DNA mutation, which frequently occurs in the DBD. As a consequence, mutated p53 loses its normal transcriptional functions as a tumor suppressor \[[@ppat.1008792.ref036]\]. Importantly, a vast number of studies have shown that p53 mutations, in addition to the disruption of the tumor suppressor function of p53, can also confer oncogenic gain-of-function activities \[[@ppat.1008792.ref011], [@ppat.1008792.ref012]\]. Several findings support the model that gain-of-function p53 mutations induce conformational changes that allow mutated p53 to interact with other cellular proteins, including products of tumor suppressor genes or oncogenes as well as specific promoter REs \[[@ppat.1008792.ref036]\]. Cellular response to a broad spectrum of stresses leads to post-translational modification of WT p53, which can be phosphorylated, acetylated, and ubiquitinated at specific serine, threonine, and lysine residues, respectively \[[@ppat.1008792.ref001], [@ppat.1008792.ref002]\]. Similarly, mutated p53 forms are post-translationally modified at specific residues, with consequent acquisition of more aggressive oncogenic functions. For instance, it has been shown that S392 is one of the most frequently phosphorylated residues in the mutated p53 forms \[[@ppat.1008792.ref037], [@ppat.1008792.ref038]\]. Although the *p53* gene is highly mutated, approximately 50% of human cancers retain the WT *p53* gene, and its tumor suppressor functions can be altered by additional mechanisms, for example by overexpression of truncated N-terminal isoforms of p53 and p73 that act as dominant-negative mutants of p53 \[[@ppat.1008792.ref039]\]. Other plausible models of alteration of WT p53 tumor suppression functions can rely on specific patterns of post-translational modifications and interactions with cellular proteins. In this study, we describe that expression of HPV38 E6 and E7 in HKs promotes the formation of a transcriptionally repressive S392 phosphorylated p53/DNMT1 complex on the *ITGA1* promoter. Inhibition of ITGA1 expression results in activation of EGFR signaling and cellular proliferation. Paradoxically, ectopic levels of WT p53 in 38HK further repressed ITGA1 expression and increased cellular proliferation. Thus, in HPV38-transformed HKs, WT p53 acquires pro-proliferation properties. This conclusion is further corroborated by the fact that 38HK are addicted to WT p53 for their cellular proliferation. Deletion of the *p53* gene by CRISPR/Cas9 strongly inhibited cellular growth. Interestingly, a previous study described the formation of a p53/DNMT1 complex with a transcriptional repressive function in a non-virus-related experimental model \[[@ppat.1008792.ref040]\]. Therefore, it is plausible to hypothesize that HPV38 oncoproteins exploit cellular mechanisms that can be generated in other contexts. Our data show that p53 phosphorylation at S392 by PKR is essential for the interaction of p53 with DNMT1. Although PKR was initially considered to be a tumor suppressor, it is now well demonstrated that it also exerts oncogenic functions, being overexpressed and activated in many types of cancers, including several hematopoietic malignancies \[[@ppat.1008792.ref041]\]. Interestingly, similar observations have been made for the DNMT protein family (reviewed in \[[@ppat.1008792.ref042]\]). Based on these findings, we could hypothesize that HPV38 E6 and E7 generate a specific scenario in the infected cells, in which PKR and DNMT1 act as an oncoprotein. The described link between HPV38, p53 and ITGA1 appears to be not shared with the mucosal high-risk HPV types that induce p53 degradation. Indeed, ITGA1 is more expressed in HPV16-positive than HPV16-negative oropharyngeal cancers \[[@ppat.1008792.ref043]\].

The link of p53 to the integrin network has already been described in several independent studies; however, the mechanisms involved in these events have been poorly characterized \[[@ppat.1008792.ref044]\]. Our findings describe a novel p53 mechanism in the regulation of the integrin network and stimulation of cellular proliferation, by forming a transcriptional repressive complex that is recruited to the *ITGA1* promoter. In support of our model, it has been shown in an independent study by ChIP-seq experiments that in proliferative primary human fibroblasts, p53 binds the same p53RE2 of the *ITGA1* promoter as observed in 38HK \[[@ppat.1008792.ref045]\]. Importantly, senescence of the fibroblasts resulted in loss of p53 from the *ITGA1* promoter, indicating that the recruitment of p53 to the *ITGA1* promoter is associated with proliferative events \[[@ppat.1008792.ref045]\].

Our experiments in transgenic animals also support a key role of ITGA1 inactivation in cellular transformation. We showed that HPV38 E6/E7 expression in the skin of transgenic mice strongly inhibits *Itga1* expression. Many functional studies support the model that beta HPV types, via the interaction of the viral proteins E6 and E7, facilitate the accumulation of UV-induced DNA mutations, increasing the susceptibility to skin carcinogenesis \[[@ppat.1008792.ref017]\]. However, the viral proteins appear to be dispensable after full development of cSCC. Our findings indicate that in the HPV38 E6/E7 transgenic animals exposed to long-term UV irradiation, ITGA1 inactivation must be constantly present during all steps of skin carcinogenesis. *Itga1* expression is inhibited at early stages by the viral oncoproteins, whereas at later stages the gene is inactivated by DNA mutations. These findings further support the concept that beta HPV types act with a "hit-and-run" mechanism in promoting cSCC development.

In conclusion, here we described a novel virus-mediated mechanism that converts WT p53 into an oncoprotein. This WT p53 form acquires the properties to interact with PKR and DNMT1 and to repress cellular gene expression. It will be important to evaluate whether similar mechanisms occur in cancer cells of different origins, offering the possibility to develop novel anti-cancer therapeutic strategies.

Materials and methods {#sec010}
=====================

Cell cultures and treatments {#sec011}
----------------------------

The experiments were carried out in HKs isolated from neonatal foreskin and in a HK cell line expressing the *hTERT* gene, in order to prolong the life span of the cells. HKs, hTERT HKs and U2OS stably expressing HPV38 E6 and/or E7 as well as p53HA-Tag 38HK were generated by retroviral transduction. A Δ-CRISPR p53/CRE cell line was obtained after sequential transduction with a retroviral vector that expresses a N-terminus HA-tagged *p53* gene (Δ-CRISPR) flanked by LoxP elements and a retroviral vector containing Cre recombinase fused to the human estrogen receptor. The third base of several codons of the *p53* gene was mutated to avoid RNA targeting that was designed to delete the endogenous *p53* gene \[[@ppat.1008792.ref021]\]. The 38HK, p53HA-Tag 38HK, hTERT HKs, and Δ-CRISPR p53/CRE cell lines were cultured together with NIH 3T3 feeder layers in FAD medium containing 3 parts Ham's F12, 1 part DMEM, 2.5% FCS, insulin (5 μg/mL), epidermal growth factor (10 ng/mL), cholera toxin (8.4 ng/mL), adenine (24 μg/mL), hydrocortisone (0.4 μg/mL), and 1% of penicillin/streptomycin preparation. Feeder layers were prepared by treating NIH 3T3 cells with mitomycin for 2 h. NIH 3T3 cells and U2OS were cultured in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin preparation.

Transient transfection experiments were performed using Lipofectamine 2000 transfection reagent (Invitrogen) or TransIT-Keratinocytes Transfection Reagent (Mirus) according to the manufacturer's protocols.

Cells were incubated for 6 h in medium containing cyclic pifithrin-α hydrobromide at 20 μM (Sigma); others were incubated for 24 h in medium containing 5-aza-2′-deoxycytidine at 30 μM (Sigma).

2AP (Sigma) was prepared in PBS:glacial acetic acid (200:1). Cells were treated for 4 h at 10 mM final concentration; PBS:glacial acetic acid (200:1) was used as a mock-treated control.

TMX (Sigma) was reconstituted in ethanol. Cells were treated for 12 h or 24 h at 2 μM final concentration.

For FACS staining, cells were collected, washed twice in PBS, and fixed in 70% of ethanol for 30 min in ice. Samples were stained with propidium iodide at 5 μg/mL final concentration. Subsequently, cells were analyzed with the FACSCanto system (Becton Dickinson).

For the colony formation assay, cells were transfected using TransIT-Keratinocyte Transfection Reagent (Mirus) according to the manufacturer's protocols. Cells were transfected with pcDNA 3.1/Zeo (mock) or pcDNA 3.1/Zeo expressing *ITGA1* (2.5 μg) (a gift from A. Pozzi, Vanderbilt University). After 24 h, the cells were split for selection in zeocin (InvivoGen). They were diluted 10, 100, and 1000 times and were allowed to grow for 4 days. After this period, the colonies were fixed and stained as described previously \[[@ppat.1008792.ref046]\].

For determination of cell growth curves, 1.5--2.5 × 10^5^ cells were seeded into 6-well plates. After 24, 48, and 72 h, cells were collected and stained with trypan blue (1:1) (Bio-Rad). Samples were counted in duplicate with the TC20 automated cell counter (Bio-Rad).

Cell viability was determined by the MTS assay. Briefly, 20 μL of CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega) was added to 1.5 × 10^4^ cells in 96-well plates and incubated at 37°C for 24, 48, and 72 h. Absorbance at 490 nm was read with the Multiskan GO spectrophotometer (Thermo Scientific) in duplicate. The blank absorbance was subtracted.

Transgenic mice {#sec012}
---------------

DNA and mRNA were extracted from normal and cancer mouse tissues as previously described \[[@ppat.1008792.ref031]\]. A detailed description of the HPV38 E6/E7 transgenic mouse line can be found here: <https://mito.dkfz.de/mito/Animal%20line/10954>. A detailed description of the UV-induced skin carcinogenesis protocol can be found here: <https://mito.dkfz.de/mito/Tumor%20model/10474>.

Ethics statement {#sec013}
----------------

The animal facility of the German Cancer Research Center was officially approved by the responsible authority (Regional Council of Karlsruhe, Schlossplatz 4--6, 76131 Karlsruhe, Germany; official approval file number 35--9185.64). The housing conditions are thus in accordance with the German Animal Welfare Act (TierSchG) and EU Directive 425 2010/63/EU. Regular inspections of the facility are conducted by the Veterinary Authority of Heidelberg (Bergheimer Str. 69, 69115 Heidelberg, Germany). All experiments were in accordance with the institutional guidelines (designated veterinarian according to article 25 of Directive 2010/63/EU and animal-welfare body according to article 27 of Directive 2010/63/EU) and were officially approved by the Regional Council of Karlsruhe (file number 35--9185.81/G-64/13 and 35--9185.81/G-200/15).

Gene silencing {#sec014}
--------------

Gene silencing of *DNMT1* was achieved using synthetic siRNA ([S1 Table](#ppat.1008792.s003){ref-type="supplementary-material"}). siRNA or scrambled RNA at 250 nM was transfected using TransIT-Keratinocyte Transfection Reagent (Mirus) according to the standard protocol. Cells were collected after 72 h.

Plasmids for CRISPR/Cas9 were obtained from the Addgene plasmid repository. All single-guide RNAs were designed by Thermo Fisher Scientific. The target sequence information is shown in [S1 Table](#ppat.1008792.s003){ref-type="supplementary-material"}. The CRISPR/Cas9 vectors were generated according to the manufacturer's protocols and then transiently transfected into HKs. Purification of the cells carrying the CRISPR/Cas9 vectors was performed 48 h after transfection according to the manufacturer's protocol (GeneArt CRISPR Nuclease Vector Kit; Life Technologies).

Reverse transcription and quantitative PCR {#sec015}
------------------------------------------

For the experiments in *in vitro* models, total RNA was extracted using the NucleoSpin RNA II Kit (Macherey Nagel). The RNA obtained was reverse-transcribed to cDNA using the RevertAid H Minus First Strand cDNA Synthesis Kit (Life Technologies) according to the manufacturer's protocols. Real-time quantitative PCR (qPCR) was performed using the Mesa Green qPCR MasterMix Plus for SYBR Assay (Eurogentec) with the primers listed in [S2 Table](#ppat.1008792.s004){ref-type="supplementary-material"}.

For the experiments in mice, total RNA was isolated from dorsal skin of WT (*n* = 4), K14 HPV38 E6/E7 transgenic animals (*n* = 3), histologically confirmed pre-malignant lesions (actinic keratosis), and cSCC from 3 independent mice. cDNA was synthesized from 1 μg of total RNA using M-MLV reverse transcriptase (Invitrogen), and a mix of random hexamers were used as primers. RT-qPCR was performed using LightCycler 480 SYBR Green I Master (Roche) with specific mouse primers ([S2 Table](#ppat.1008792.s004){ref-type="supplementary-material"}).

A TaqMan assay was performed with the *ITGA1* TaqMan gene expression assay probe (Hs00235006_m1; Life Technologies), following the manufacturer's instructions. Reactions were run in triplicate, and expression was normalized to *GAPDH* (Hs99999905_m1; Thermo Fisher).

Fluorescence microscopy {#sec016}
-----------------------

hTERT pLXSN or hTERT HPV38 E6/E7 cells were plated onto coverslips and cultured for 24 h. Thereafter, the cells were fixed with 4% formaldehyde for 30 min at room temperature and permeabilized with 0.1% Triton X. Cells were incubated with blocking solution for 1 h, washed with PBS, and incubated with ITGA1 (ab243033; Abcam) antibody overnight at 4°C. The cells were then incubated with Alexa Fluor 488-conjugated secondary antibody for 2 h at room temperature and mounted on slides using Vectashield Antifade Mounting Medium with DAPI. The slides were visualized using a Nikon Eclipse Ti wide-field inverted fluorescence video microscope. The images thus captured were analyzed by NIS-Element software from Nikon and processed using ImageJ software.

Immunoblotting {#sec017}
--------------

Cells were lysed using IP buffer (20 mM Tris HCl \[pH 7.5\], 200 mM NaCl, 1 mM EDTA, 0.5% NP-40) supplemented with Complete Protease Inhibitor mixture (Roche). Samples were resolved by SDS--PAGE and transferred to polyvinylidene difluoride membranes (Perkin Elmer). Membranes were blocked in 5% non-fat milk and incubated overnight at 4°C with the appropriate primary antibody. Membranes were probed with the following primary antibodies: β-actin (clone C4; MP Biomedicals), GAPDH (6C5) (sc-32233; Santa Cruz), p53 (DO-1) (sc-126; Santa Cruz Biotechnology), DNMT1 (clone 60B1220.1; MAB0079; Abnova), PKR (3072; Cell Signaling Technology), phosphorylated PKR Thr 446 (PA5-37704; Thermo Fischer Scientific), EGFR (4267; Cell Signaling Technology), CCND1 (2978; Cell Signaling Technology), HA-tag (3F10; Roche), and ITGA1 (106267; Abcam).

Images were produced using the ChemiDoc XRS imaging system (Bio-Rad).

Chromatin immunoprecipitation {#sec018}
-----------------------------

ChIP was performed using the Shearing ChIP and OneDay ChIP kits (Diagenode) according to the manufacturer's instructions. Briefly, cells were sonicated to obtain DNA fragments of 200--500 bp. Sheared chromatin was immunoprecipitated the indicated antibodies: p53 (DO-1) (sc-126; Santa Cruz Biotechnology), DNMT1 (clone 60B1220.1; Abnova) phospho PKR T446 (ab32036), p73 (ab215038) and isotype IgG control (Diagenode). For ChIP-reChIP experiments, bead-bound protein--DNA complexes obtained after the first ChIP were incubated with 10 mM Reverse dithiothreitol (DTT) for 30 min at 37°C with shaking at 400 rpm. Supernatant was collected after centrifugation at 12,000*g* for 1 min. Pelleted beads were incubated again with 10 mM DTT for 20 min at 37ºC and centrifuged at 12,000*g* for 1 min. Then, 10% of the combined supernatants were kept as the input for the second ChIP, which was performed with the OneDay ChIP kit (Diagenode) according to the manufacturer's protocol.

For histone ChIP, the chromatin shearing kit Low SDS and Auto iDeal ChIP-seq kit for Histones (Diagenode) were used together with the SX-8G IP-Star Compact Automated System and histone H3K9ac antibody (Euromedex).

The eluted DNA was used as a template for qPCR. The negative control region chromosome 22 intergenic region as previously described \[[@ppat.1008792.ref047]\] ([S2 Table](#ppat.1008792.s004){ref-type="supplementary-material"}). A negative control region previously described lacking p73 and p53 binding sites was used for ΔNp73α ChIP \[[@ppat.1008792.ref048]\]\[[@ppat.1008792.ref049]\].

Oligonucleotide pulldown assay {#sec019}
------------------------------

Cells were lysed and sonicated in HKMG buffer (10 mM HEPES \[pH 7.9\], 100 mM KCl, 5 mM MgCl2, 10% glycerol, 1 mM DTT, 0.5% NP-40) containing protease and phosphatase inhibitors. After centrifugation at 12,000*g* for 10 min, protein extracts were precleared with streptavidin--agarose beads. The *ITGA1* promoter was used as a template to amplify the p53RE. PCR amplification was performed using a biotinylated forward primer and a non-biotinylated reverse primer, listed in [S2 Table](#ppat.1008792.s004){ref-type="supplementary-material"}. Amplicons were extracted from agarose gel by using the MinElute Gel Extraction Kit (Qiagen) and quantified. Then, 2 mg of cellular protein extracts were incubated with 1 μg of biotin-ITGA1 promoter probes and 10 μg of poly(dI-dC)·poly(dI-dC) for 16 h at 4°C. DNA-bound proteins were collected with streptavidin--agarose beads for 1 h and washed 5 times with HKMG buffer. DNA-bound proteins were then analyzed by IB.

Electromobility shift assay {#sec020}
---------------------------

Nuclear extracts from cells were prepared as previously described \[[@ppat.1008792.ref050]\]. Briefly, 3 × 10^6^ cells were collected, washed in PBS 1×, and resuspended in hypotonic buffer A (10 mM HEPES \[pH 7.9\], 1.5 mM MgCl~2~, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF). The cell suspensions were then incubated on ice and homogenized by 15 passages through a 25-gauge needle. Cytoplasm fractions were collected by centrifugation at 12,000 rpm for 1 min at 4°C. Nuclei were washed in buffer A, centrifuged, and dissolved in hypertonic buffer B (20 mM HEPES \[pH 7.9\], 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 0.5 mM DTT). The nuclear extracts were collected by centrifugation at 12,000 rpm for 2 min at 4°C. Protein concentration was estimated using an assay kit (Bio-Rad). Then, 5 μg of the extracts were incubated with 0.5 pmol of biotin-labeled DNA probe (listed in [S2 Table](#ppat.1008792.s004){ref-type="supplementary-material"}) and poly (dI-dC) in binding buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol \[pH 7.5\]) in a final volume of 15 μL. Binding reactions were incubated for 20 min at room temperature. The dye solution was then added and samples were loaded into a 5% polyacrylamide gel in 0.5× Tris-borate-EDTA buffer for running. The gels were then transferred to BM-Nylon (+) blotting membrane (Roche) and developed by using the Chemiluminescent Nucleic Acid Detection Module provided in the non-radioactive LightShift Chemiluminescent EMSA Kit (Thermo Scientific). Specificity of the protein--DNA complex was verified by a competition experiment where the nuclear extracts were incubated with an excess of unlabeled DNA.

Sucrose gradient protein complex isolation {#sec021}
------------------------------------------

Sucrose density gradients were prepared from 10% to 50% sucrose (10 mM NaCl, 2 mM Tris HCl, 0.5 mM MgCl~2~). Cells treated with 2AP or PBS:glacial acetic acid (200:1) 10 mM for 4 h were processed for nuclear extraction as previously described, and a total of 1 mg of protein was added to the sucrose gradient; 20 μg of nuclear extract was kept as input control. After 16 h of centrifugation at 35300 rpm and 4°C, 21 fractions with a total volume of 500 μL were collected.

Protein immunoprecipitation {#sec022}
---------------------------

IPs were performed as previously described \[[@ppat.1008792.ref051]\]. Briefly, 5 μL of the indicated antibodies (p53DO-1, PKR, or IgG) were pre-adsorbed on 50 μL of protein A/G plus agarose beads (SC-2003) and suspended in PBS-1% NP-40 for 2 h at 4°C. Suspended beads were also incubated with total protein lysate, nuclear protein lysate or sucrose protein fractions 5 to 21 for pre-clearing under rotation at 4°C for 2 h. After overnight incubation with the extracts, beads were resolved by SDS--PAGE and transferred to polyvinylidene difluoride membranes (Perkin Elmer). IB was performed with DNMT1, PKR, and p53 antibodies, and immunoreactivity was revealed by means of secondary antibodies specific for IP (Abcam). Immunoreactive proteins were visualized by means of the ECL method (Millipore).

Exome analysis {#sec023}
--------------

The exome analysis was performed as described previously \[[@ppat.1008792.ref032]\]. The SIFT missense predictions for genomes annotator was used to predict whether the amino acid substitution affects protein function \[[@ppat.1008792.ref052]\].

Statistical analysis {#sec024}
--------------------

Statistical significance was determined using the Student *t* test with Prism7 (GraphPad). The levels of statistical significance for each experiment (\*, *p*\<0.05; \*\*, *p*\<0.01; \*\*\*, p\<0.001; \*\*\*\*, *p*\<0.0001; ns, not significant) are indicated in the corresponding figures. The error bars in the graphs represent the standard deviation.

Supporting information {#sec025}
======================

###### 

\(A\) Schematic representation of the *ITGA1* promoter. p53 REs were predicted using TFBind and JASPAR software. (B) 38HK cells were transfected with sense (control) and antisense oligonucleotides against ΔNp73α. After 24 h, cells were collected and processed for RT-qPCR (left) or IB (right) (*n* = 3). ns, not significant. (C) Chromatin from 38HK was processed for ChIP experiments using p73 antibody. Results were obtained by qPCR with primers spanning p53RE2 or a negative control region (nc) ([S2 Table](#ppat.1008792.s004){ref-type="supplementary-material"}). Error bars indicate standard deviations from 2 independent experiments performed in duplicate. ns, not significant. (D) 38HK cells were treated with cyclic pifithrin-α hydrobromide or DMSO as a control for 24 h, stained with trypan blue, and counted. The histograms represent the means of 4 independent experiments. \*, *p*\<0.05; \*\*, *p*\<0.01. (E) Cells expressing N-HA-p53 or p53-C-HA were seeded into 96-well plates. After 24, 48 and 72 h, cells were incubated with 20 μL of MTS solution for 2 h. Absorbance was obtained at 490 nm. Data shown are the means of 2 independent experiments performed in duplicate. \*\*\*, *p*\<0.001; \*\*\*\*, *p*\<0.0001. DOI: 10.6084/m9.figshare.12732737

(TIF)

###### 

Click here for additional data file.

###### Raw data of all IB experiments were provided to the editor for review purposes and uploaded on Figshare (DOI: [10.6084/m9.figshare.12733427](https://doi.org/10.6084/m9.figshare.12733427)).

(PDF)

###### 

Click here for additional data file.

###### Sequences of siRNA and CRISPR/Cas9 vectors used for gene silencing.

DOI: 10.6084/m9.figshare.12733442.

(DOCX)

###### 

Click here for additional data file.

###### Primers for RT-qPCR, ChIP and EMSA experiments.

DOI: 10.6084/m9.figshare.12733445.

(DOCX)

###### 

Click here for additional data file.
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Please prepare and submit your revised manuscript within 60 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. Please note that revised manuscripts received after the 60-day due date may require evaluation and peer review similar to newly submitted manuscripts.

Thank you again for your submission. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Paul Francis Lambert

Associate Editor
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Alison McBride
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Kasturi Haldar

Editor-in-Chief
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Editor-in-Chief

PLOS Pathogens

[orcid.org/0000-0002-7699-2064](http://orcid.org/0000-0002-7699-2064)

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Part I - Summary**

Please use this section to discuss strengths/weaknesses of study, novelty/significance, general execution and scholarship.

Reviewer \#1: Romero-Medina et al. describe the ability of HPV38 E6 proteins to alter p53 phosphorylation through effects on DNMT1 and PKR leading to suppression of integrin A1 (ITGA1) expression which in turn is critical for cell growth. Previous studies from this group showed that HPV38 E6 and E7 can immortalize human keratinocytes through alteration in p53 and Rb. The present study show this results in suppression of expression of integrin alpha 1 and is mediated by E6. The IGTA1 promoter has two p53 reactive sites that are bound by p53 together with DNMT1 , a gene silencing factor. Additional work shows the S392 phosphorylated isoform of p53 is the primary form bound and that its phosphorylation is mediated by PKR which is also regulated by E6. Furthermore PKR, DNMT1 and p53 form trimeric complexes that can be isolated on sucrose gradients. Overexpression of IGTA1 in HPV 38 positive cells resulted in decreased colony formation and cell death which correlated with changes in EGFR activity. Overall this is an interesting study examining the role of integrin alpha 1 in regulating proliferation of HPV 38 positive cells.

Reviewer \#2: Romero-Medina and colleagues present an interesting study on a potential role of wt p53 in promoting cell proliferation in the context of HPV38 E6/E7 containing keratinocytes. This appears to be linked to downregulation of integrin alpha expression and increased levels of EGFR signalling. Mechanistically this is linked to E6/E7 stimulation of PKR activity which in turn phosphorylates p53 and confers interaction with DNMT1 resulting in suppression of the integrin alpha promoter. This is a very interesting study and reveals a novel role for wt p53 in promoting cell proliferation. There are however several experiments still required to fully support the conclusions.

Reviewer \#3: The study by Romero et al builds on previous work from the Tommasino group demonstrating the manipulation of p53 function by beta-HPV E6/E7 oncoproteins to promote carcinogenesis. The study is mechanistic, well written and generally a pleasure to read. I have a few relatively minor comments that should be corrected but it is my opinion that this study is of the quality required for publication in PLoS Pathogens.

Sentence in lines 65-67 does not make sense and needs editing.

Line 101 - sentence needs editing.

The downregulation of ITGA1 protein by E6/E7 expression is demonstrated by immunofluorescence. This is acceptable although I wonder why they did not show this by Western blotting. Nonetheless, these IF data would be strengthened by quantification of multiple images which can be easily achieved using ImageJ.

The binding of DNMT1 to the p53-RE2 region of the ITGA1 promoter shown by oligo pull-down in figure 2C is not very convincing. The conclusion would be strengthened by quantification of multiple pull down experiments to show consistency.

Why does CRISPR/Cas9 knockout of p53 only result in a small decrease in p53 mRNA abundance (Fig 3B). This reduction does reach significance but I would have expected a more dramatic decrease.

How specific is the T446-PKR antibody used in the ChIP-reChIP assay shown in figure 5C and WB shown in figure 5D? Please provide a reference for a study demonstrating specificity.

The authors state that the sucrose fractionation shown in Figure 5D demonstrates a trimeric complex containing p53/PKR/DNMT1. While the association between PKR and p53 is suggested by this experiment, the association of DNMT1 is less clear. Indeed, the treatment of cells with PKR inhibitor 2AP does not obviously alter DNMT1 fractionation. The interaction between p53 and DNMT1 is not clearly shown in the present study and I do not see sufficient evidence to conclude that this interaction is regulated by PKR phosphorylation of p53 on S392 as stated in lines 211-212.

The flow cytometry data shown in figure 6B are not clear -- the histograms are too pale and hard to see.

The Western blot shown in Figure 7E should be improved -- at present there is no clear separation between the bands and it is therefore difficult to see the sequential reduction in HA-p53 expression following TMX treatment.

\*\*\*\*\*\*\*\*\*\*

**Part II -- Major Issues: Key Experiments Required for Acceptance**

Please use this section to detail the key new experiments or modifications of existing experiments that should be [absolutely]{.ul} required to validate study conclusions.

Generally, there should be no more than 3 such required experiments or major modifications for a \"Major Revision\" recommendation. If more than 3 experiments are necessary to validate the study conclusions, then you are encouraged to recommend \"Reject\".

Reviewer \#1: no major issues

Reviewer \#2: Specific Points.

1\. Figure 2 and onwards. All assays throughout are performed in HPV 38 positive cells. Interaction assays and CHIP assays should also be done for comparison in HPV negative cells to show clear stimulation by HPV38 E6/E7.

2\. Figure 2C. The DNMT signal is marginal. What happens if cells are transfected with siRNA p53 or siRNA DNMT. This is alluded to later but it would be good to know which protein is recruiting which?

3\. What happens with the band shift assays if phospho-mimic S392 p53 is included?

4\. Fig.S1B. This is critical data as all previous work has focussed on the role of DeltaNp73 -- relevant siRNA approaches should be shown.

5\. Figure 3. This should have HPV negative cells for comparison.

6\. Figure 4. What happens if mutant S392A p53 is included in these assays -- and/or the phospho mimic. As the data stands it shows that phosphorylated S392 is bound but it does not show that it is phosphorylation at that specific site which is responsible. Is activation of PKR due to E6 or E7 or both? Assays using cells expressing them singly would be useful.

7\. Figure 5A. The co.ip data is weak. Again mutants of p53 at S392 would help clarify the molecular details.

8\. Throughout there appears to be two PKR bands on the blots -- which is the bona fide protein. A simple siRNA should be performed to clarify which band is PKR.

9\. Figure 5B. I don't understand why the pS392 form of p53 co.ips better than total protein -- I would have thought the phospho form would no longer be bound. Again mutants of p53 would help clarify what is occurring here.

10\. Figure 5D. This is critical to the whole story -- a phosphomimic/phospho destroyed is really essential to showing that it is phosphorylation at that site which is critical.

Reviewer \#3: See above

\*\*\*\*\*\*\*\*\*\*

**Part III -- Minor Issues: Editorial and Data Presentation Modifications**

Please use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity.

Reviewer \#1: 1). What is known about the effects of IGTA1 in high-risk HPV 16 or 18 positive cells? E6 reduces p53 levels in these cells so IGTA1 should go up yet cells do not exhibit reduced colony formation. This is puzzling and needs to be discussed.

2). What role could IGTB1 which is also increased by HPV38 proteins?

3). How does overexpression of IGTA1 compare to the levels seen in normal keratinocytes? What are the increases in p53 in HPV 38 cells compared to normal keratinocytes?

4). How does the observation with the transgenic mice with the third cSCCC lesion that had increased ICTA1 and non-deleterious EGFR mutations fit in with their model for effects of IGTA1? Is p53 mutated in these cells?

5). Section around line 236: What is the nature of the mutation that is introduced into the transduced p53 and how does this address mechanism? Is this mutant still able to bind DNA and transactivate? This section is confusing and needs to be clarified

6). Figure 3B: CRISPR-p53 only reduces p53 levels by 50% which is not very efficient. Why is it so inefficient?

Reviewer \#2: (No Response)

Reviewer \#3: See above

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plospathogens/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

[Figure Files:]{.ul}

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, [[https://pacev2.apexcovantage.com](https://pacev2.apexcovantage.com/)]{.ul}. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at [<figures@plos.org>]{.ul}.

[Data Requirements:]{.ul}

Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example see here on PLOS Biology: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

[Reproducibility:]{.ul}

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see [[http://journals.plos.org/plospathogens/s/submission-guidelines\#loc-materials-and-methods](http://journals.plos.org/plospathogens/s/submission-guidelines)]{.ul}
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Thank you again for supporting Open Access publishing; we are looking forward to publishing your work in PLOS Pathogens.
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Reviewer Comments (if any, and for reference):

Reviewer\'s Responses to Questions

**Part I - Summary**

Please use this section to discuss strengths/weaknesses of study, novelty/significance, general execution and scholarship.

Reviewer \#1: THe authors have addressed most issues raised in the initial review and is suitable for publication

Reviewer \#2: (No Response)

Reviewer \#3: The authors have addressed all of my initial concerns with additional data included or editing of the text.

\*\*\*\*\*\*\*\*\*\*

**Part II -- Major Issues: Key Experiments Required for Acceptance**

Please use this section to detail the key new experiments or modifications of existing experiments that should be [absolutely]{.ul} required to validate study conclusions.

Generally, there should be no more than 3 such required experiments or major modifications for a \"Major Revision\" recommendation. If more than 3 experiments are necessary to validate the study conclusions, then you are encouraged to recommend \"Reject\".

Reviewer \#1: none

Reviewer \#2: The authors have done a good job in answering most of the comments. However the key issue of whether the effects are due to phosphorylation at the specific S392 residue remain. As it stands all the authors can state is that phosphorylation of p53 is important - but without the appropriate mutants the molecular basis for these observations remains obscure.

I realise there are problems in accessing labs at the moment but the generation of the appropriate S392A and S392E should have been done much earlier in the study to provide this key mechanistic information.

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

**Part III -- Minor Issues: Editorial and Data Presentation Modifications**

Please use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity.

Reviewer \#1: none

Reviewer \#2: (No Response)

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plospathogens/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No
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The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any scientific or type-setting errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript. Note: Proofs for Front Matter articles (Pearls, Reviews, Opinions, etc\...) are generated on a different schedule and may not be made available as quickly.
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